Context. When type Ia supernovae (SNe Ia) were chosen as distance indicator to measure cosmological parameters, Phillips relation was applied. However, the origin of the scatter of the maximum luminosity of SNe Ia (or the variation of the production of 56 Ni) is still unclear. The metallicity and the carbon abundance of white dwarf (WD) before supernova explosion are possible key, but neither of them has an ability to interpret the scatter of the maximum luminosity of SNe Ia. Aims. In this paper, we want to check whether or not the carbon abundance can be affected by initial metallicity. Methods. We calculated a series of stellar evolution. Results. We found that when Z ≤ 0.02, the carbon abundance is almost independent of metallicity if it is plotted against the initial WD mass. However, when Z > 0.02, the carbon abundance is not only a function of the initial WD mass, but also metallicity, i.e. for a given initial WD mass, the higher the metallicity, the lower the carbon abundance. Based on some previous studies, i.e. both a high metallicity and a low carbon abundance lead to a lower production of 56 Ni formed during SN Ia explosion, the effects of the carbon abundance and the metallicity on the amount of 56 Ni are enhanced by each other, which may account for the variation of maximum luminosity of SNe Ia, at least qualitatively. Conclusions. Considering that the central density of WD before supernova explosion may also play a role on the production of 56 Ni and the carbon abundance, the metallicity and the central density are all determined by the initial parameters of progenitor system, i.e. the initial WD mass, metallicity, orbital period and secondary mass, the amount of 56 Ni might be a function of the initial parameters. Then, our results might construct a bridge linking the progenitor model and the explosion model of SNe Ia.
Introduction
In their function as one of the distance indicators, type Ia supernovae (SNe Ia) show their importance in determining cosmological parameters, which resulted in the discovery of the accelerating expansion of the universe (Riess et al. 1998; Perlmutter et al. 1999) . The result was exciting and suggested the presence of dark energy. At present, SNe Ia are proposed to be cosmological probes for testing the evolution of the dark energy equation of state with time and testing the evolutionary history of the universe (Riess et al. 2007; Kuznetsova et al. 2008; Howell et al. 2009a) .
When SNe Ia are applied as a distance indicator, the Phillips relation is adopted, which is a linear relation between the absolute magnitude of SNe Ia at maximum light and the magnitude drop of the B light curve during the first 15 days following the maximum (Phillips 1993) . This relation was motivated by the observations of two peculiar events, i.e. SN 1991bg and SN 1991T, and implies that the brightness of SNe Ia is mainly determined by one parameter. There is a consensus that a SN Ia is from a thermonuclear explosion of a carbon-oxygen white dwarf (CO WD) and the amount of 56 Ni formed during the supernova explosion dominates the maximum luminosity of SNe Ia (Arnett 1982) . But the origin of the variation of the amount of 56 Ni for different SNe Ia is still unclear (Podsiadlowski et al. 2008 ). Many efforts have been paid to resolve this problem.
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Some multi-dimensional numerical simulations showed that the ignition intensity (the number of ignition points) in the center of WDs or the transition density from deflagration to detonation are wonderful parameters interpreting the Phillips relation (Hillebrandt & Niemeyer 2000; Höflich et al. 2006 Höflich et al. , 2010 Kasen et al. 2010) . In addition, the ratio of nuclear-statisticalequilibrium (NES) to intermediate-mass elements (IME) in the explosion ejecta is likely the key parameter for the width of SN Ia light curve and its peak luminosity (Pinto & Eastman 2001; Mazzali et al. 2001 Mazzali et al. , 2007 . For the simulations above, a reasonable assumption is that these parameters are determined by one or some properties of SNe Ia progenitor. Since these parameters are free ones for the numerical simulations of SNe Ia explosion, the question was turned into which property or properties of progenitor system determine these parameters. This is still unclear. Lesaffre et al. (2006) carried out a systematic study of the sensitivity of ignition conditions for H-rich Chandra single degenerate exploders on various properties of the progenitors, and suggested that the central density of the WD at ignition may be the origin of the Phillips relation (see also Podsiadlowski et al. 2008) . This suggestion was uphold by detailed multidimensional numerical simulations of explosion (Krueger et al. 2010) . But in the models of Höflich et al. (2010) , the central density is only a second parameter, and the cooling time of the WDs before mass transfer in Lesaffre et al. (2006) and Krueger et al. (2010) is shorter than 1 Gyr. However, there are SNe Ia as old as 10 Gyr. The WDs with such a long cooling time may be-come more degenerate before the onset of accretion phase. Some other processes like C and O separation or crystallization may occur, and dominate the properties of the CO WD (Fontaine et al. 2001) . How the extremely degenerate conditions affect the properties of SNe Ia is still unclear. Then, the suggestion of Lesaffre et al. (2006) should be checked carefully under extremely degenerate conditions (Bravo et al. 2010b) . Some numerical and synthetical studies showed that metallicity has an effect on the final amount of 56 Ni, and thus the maximum luminosity (Timmes et al. 2003; Travaglio et al. 2005; Podsiadlowski et al. 2006; Bravo et al. 2010a ) and there do be some observational evidence of the correlation between the properties of SNe Ia and metallicity (Branch & Bergh 1993; Hamuy et al. 1996; Wang et al. 1997; Cappellaro et al. 1997; Shanks et al. 2002) . However, the metallicity seems not to have the ability to interpret the whole scatter of the maximum luminosity of SNe Ia (Timmes et al. 2003; Gallagher et al. 2008; Howell et al. 2009b) . Nomoto et al. (1999 Nomoto et al. ( , 2003 suggested that the average 1 ratio of carbon to oxygen (C/O) of a white dwarf at the moment of explosion is the dominant parameter for the Phillips relation (see also Umeda et al. 1999b ). The higher the C/O, the larger the amount of nickel-56, and then the higher the maximum luminosity of SNe Ia. By comparing theory and observations, the results of Meng, Chen & Han (2009) and Meng & Yang (2010a) upheld this suggestion. Nomoto et al. (1999 Nomoto et al. ( , 2003 used total 12 C mass fraction included in the convective core of mass M = 1.14M ⊙ just before the SN Ia explosion, X(c), to represent the C/O ratio and their suggestion is based on a fact that the dependence of X(c) on metallicity is small when it is plotted against the initial mass of WDs when Z ≤ 0.02. Actually, when Z ≤ 0.02, the effect of metallicity on the amount of 56 Ni can be neglected. Only when Z > 0.02, metallicity has a significant influence on the production of 56 Ni in SNe Ia explosion (Timmes et al. 2003) . Here, we want to check whether or not the C/O ratio still can not be affected by metallicity when Z > 0.02.
In section 2, we simply describe our method, and present the calculation results in section 3. In section 4, we show discussions and our main conclusions.
METHOD
In this paper, our work is based on the single degenerate scenario, i.e. a SN Ia is from a CO WD in a binary system and its companion is a main-sequence or a slightly evolved star (WD+MS), a red giant star (WD+RG) or a helium star (WD + He star) (Whelan & Iben 1973; Nomoto, Thielemann & Yokoi 1984) . This scenario has been widely studied by many groups (Li & van den Heuvel 1997; Hachisu et al. 1999a; Langer et al. 2000; Han & Podsiadlowski 2004; Chen & Li 2007; Hachisu et al. 2008; Meng, Chen & Han 2009; Lü et al. 2009; Wang et al. 2009a Wang et al. , 2009b Meng & Yang 2010b , 2010c Wang, Li & Han 2010) . We assume that an initial CO WD is derived from a main sequence (MS) star in a primordial binary system (primary). The CO WD accretes hydrogen-rich material from its companion via Roche lobe overflow or wind, where the companion is a normal star. The accreted hydrogen-rich material is burned into helium, and then the helium is converted to carbon and oxygen. The CO WD increases its mass until the mass reaches 1.378 M ⊙ (close to the Chandrasekhar mass limit, Nomoto, Thielemann & Yokoi 1984) where it explodes in a thermonuclear supernova. A binary systems with the same primordial primary but different orbital period may produce a CO WD with different mass. For simplicity, we assume that if the MS mass of the primary in a primordial binary system is same, the initial mass of the CO WD from the binary system is same and is equal to the core mass derived from the envelope-ejection model in Han, Podsiadlowski & Eggleton (1994) and Meng et al. (2008) (see below in details). Because the primary in a binary system may lose its hydrogen envelope due to the influence of secondary before it fulfills the criterion for the envelope ejection, the initial mass of CO WD in this paper should be taken as an upper limit for a real case. Actually, this assumption can not affect our results since we only want to find a relation between the C/O ratio, the WD mass and metallicity. The method used here is similar to that in Umeda et al. (1999a) and Höflich et al. (2010) .
The C/O ratio before SN Ia explosion is a result of stellar and binary evolution, i.e. during central helium burning and thin shell burning during the stellar evolution and the accretion to close to the Chandrasekhar mass limit (1.378 M ⊙ , Nomoto, Thielemann & Yokoi 1984) . After the central helium burning phase, the C/O ratio is low, i.e. 0.25 − 0.5 depending on the initial mass and metallicity of main sequence (MS) star (Umeda et al. 1999a ). The C/O ratio obtained from the burning shell is ≈ 1, because the helium in the shell has a lower density and a higher temperature compared to helium burning in the core (Höflich et al. 2010) .
In the paper, we calculate a series of stellar evolutions with the primordial MS mass from 1 M ⊙ to 6.5 M ⊙ until the stars evolve to the asymptotic giant branch (AGB) stage. When a star evolves to the stage, its envelope may be lost if the binding energy (BE) of the envelope transforms from a negative phase to positive one (Paczyński & Ziólkowski 1968 , see also Fig. 2 in Meng et al. 2008 . We calculated the BE of the envelope by
where M c is the core mass, M s is the surface value of the mass coordinate m. U is the internal energy of thermodynamics where those due to ionization of H and dissociation of H 2 , as well as the basic 3 2 ℜT/µ for a perfect gas are all included). Here, we assume that a star will lose its envelope when the BE of the star's envelope increases to the point of ∆W = 0 and the core mass at the point is the final WD mass. The method here is robust and its virtue is significant because we need not consider the specific mechanism of mass loss since the mass loss rate is very uncertainty (see Meng et al. 2008 in details about this method). We assume that the remnant after envelope ejection is a CO WD if carbon and oxygen have not been ignited at the moment of envelope ejection. Following shell burning, we assume that the C/O ratio is 1 2 until M WD = 1.378M ⊙ as did in Umeda et al. (1999a) and Höflich et al. (2010) .
We use the stellar evolution code of Eggleton (1971 Eggleton ( , 1972 Eggleton ( , 1973 , which has been updated with the latest input physics over the last three decades (Han, Podsiadlowski & Eggleton 1994; Pols et al. 1995 Pols et al. , 1998 . The chemistry of a WD is mainly determined by the competition of two major nuclear reactions powering the He burning, i.e. 3α and 12 C(α, γ) 16 O. As discussed by Imbriani et al. (2001) and Prada Moroni & Straniero (2002) , the final C/O after the central helium exhaustion not only depends on the rate of these two reactions, but also is significantly influenced by the efficiency of convective mixing operating at the central helium burning phase. We set the ratio of mixing length to local pressure scale height, α = l/H p , to 2.0, and set the convective overshooting parameter, δ OV , to 0.12 Schröder et al. 1997) , which roughly corresponds to an overshooting length of 0.25H P . The two parameters are adopted during the whole evolution of star. For the occurrence of convective instability near the He exhaustion in the central core, some breathing pulses are expected. (Castellani 1985 (Castellani , 1989 . This phenomenon may also occur naturally in our code. The reaction rates are from Caughlan & Fowler (1988) , except for the 12 C(α, γ) 16 O reaction which is taken from Caughlan et al. (1985) . The range of metallicity is from 0.0001 to 0.1, i.e. 0.0001, 0.0003, 0.001, 0.004, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.1. The opacity tables for these metallicties are compiled by Chen & Tout (2007) from Iglesias & Rogers (1996) and Alexander & Ferguson (1994) . For a given Z, the initial hydrogen mass fraction is assumed by (Pols et al. 1998) , and then the helium mass fraction is Y = 1 − X − Z = 0.24 + 2Z. Based on the correlation between X, Y and Z used here, Pols et al. (1998) accurately reproduced the colormagnitude diagrams (CMD) of some clusters.
In this paper, we skip thermal pulses by taking a longer timestep to reduce computing time, i.e we study the average evolution of thermally pulsing AGB models. This treatment on the thermal pulses may lose some information about the structural change of the envelope due to thermal pulse. However, these treatment will not affect our final results because the situation of ∆W = 0 is fulfilled before the onset of thermal pulse and after the point a simple assumption of C/O = 1 is adopted (see also in Meng et al. 2008 ).
Results
In this paper, we use total carbon abundance to represent the C/O ratio and a core mass to represent the initial WD mass as did in Umeda et al. (1999b) . In figure 1 , we show the abundances of several elements in mass fraction in the inner core of three representative models with different metallicity at the moment of envelope ejection. In the figure, the H burning shell is located around the mass coordinate of m = 0.9M ⊙ , which means that the remnants from the models have a similar mass, i.e. the initial WD mass from the stars is similar. An interesting feature in the figure is that the carbon abundance and the flat part of the carbon abundance profile in the inner core decrease with metallicities (Umeda et al. 1999a; Dominguez et al. 2001) .The carbon abundance is mainly derived from the result of the competition between 3α and 12 C(α, γ) 16 O reaction in the central helium burning phase, while the flat profile is the result of the central helium burning, which occurs in a convective core. An increase of the metallicity leads to an increase of the radiative opacity, and consequently, a decrease of the central temperature at given phase, the decrease of the He core mass at the 3α onset. For the central helium burning phase, this leads to a smaller convective core, hence a smaller region characterized by a flat C/O profile. A low central temperature favors the destruction reaction of 12 C, namely the 12 C(α, γ) 16 O with respect the 3α reaction, which is the main cause for the decrease of the central carbon abundance. In addition, the central carbon abundance is also relevant to the helium abundance in central helium burning phase, and then to metallicity via Y = 1 − Z at the beginning of central helium burning. For a given temperature, a low helium abundance, i.e. a high metallicity, means a slight lower burning rates of 3α reaction. However, between the model of Z = 0.001 and Z = 0.02 in figure 1 , the difference of carbon abundance is not significant, but the difference between the model of Z = 0.02 and Z = 0.06 is remarkable. Then, the effect of metallicity on the C/O ratio may not be neglected when Z > 0.02. In addition, the hydrogen abundance decreases and helium abundance increase with metallicity in the figure, which is a natural result of equation 2 3 . In figure 2 4 , we show the relation between the total carbon mass fraction of WDs before SNe Ia explosion and the initial WD mass for SNe Ia with different metallicities. For the cases of Z ≤ 0.02, the results here is similar to that in Nomoto et al. ( , 2003 , i.e. the relation between the carbon abundance and the initial WD mass is independent of metallicity, especially for M WD ≥ 0.8M ⊙ . When M WD ≤ 0.8M ⊙ , the scatter is enlarged for the cases of Z ≤ 0.02, which is mainly from low- A remarkable feature in figure 2 is that when Z > 0.02, the relation between the carbon abundance and the initial WD mass significantly deviates from those of Z ≤ 0.02 and the deviation increases with metallicity, i.e. for a given initial WD mass, a high metallicity leads to a lower carbon abundance as shown in figure  1 . This is similar to that found by Timmes et al. (2003) , i.e. only when Z > 0.02, the influence of metallicity becomes significant. So, the discovery of Umeda et al. (1999b) and Nomoto et al. (1999 Nomoto et al. ( , 2003 ) is a low-metallicity limit of the result found in this paper.
In the three-dimensional space of (X C , M core , Z), the relations between the carbon abundance and the initial WD mass with different metallicity are almost in a plane. We take the X C as a function of M core + αZ and use the minimum χ 2 method to find the best relation. We found that a linear relation may well represent the relation when α = 3.5. The best fitted relation is
where χ 2 min = 5.16 × 10 −2 . We also try to use a parabola to fit the relation between X C and M core + αZ, but the improvement is slight, i.e. χ 2 min = 4.84 × 10 −2 . Seen from the equation 3, both a high initial WD mass and a high initial metallicity lead to a lower carbon abundance. In addition, if the metallicity is low enough, its effect on the carbon abundance can be neglected. But the effect of a high metallicity is significant. For example, for a typical value of M i = 0.8M ⊙ (Meng, Chen & Han 2009; Meng & Yang 2010a) , the uncertainty of X C derived from metallicity for Z ≤ 0.02 is less than 5%, but may be as large as 25% for Z > 0.02.
If the points which may not contribute to SNe Ia in Fig. 2 are cut off, we even may obtain a more tight linear relation, i.e. X C = 0.5824 − 0.2862(M core + αZ) where α = 3.0 and χ 2 min = 1.46 × 10 −2 (see Fig. 4 ).
Discussions and conclusions
When one simulates the SN Ia explosion, the carbon abundance (the C/O ratio) and metallicity are always taken as free parameters. But neither of them has an ability to interpret the variation in the mass of 56 Ni ejected by SNe Ia, especially for subluminous SNe Ia (such as 1991bg-like supernovae, Timmes et al. 2003; Röpke et al. 2006a; Bravo et al. 2010b ). However, many evidence shows the correlation between the maximum luminosity of SNe Ia and metallicity. For example, many groups noticed that subluminous SNe Ia occur exclusive in massive galaxies (Neill et al. 2009; Sullivan et al. 2010; González-Gaitán et al. 2010; Lampeitl et al. 2010) . Considering the mass-metallicity relation of galaxies (Tremonti et al. 2004) , subluminous SNe Ia favor more metal-rich environments. In addition, some 1991T-like SNe Ia were discovered in metal-poor environments 5 (Prieto et al. 2008; Badenes et al. 2009; Khan et al. 2010 ). So, metallicity should play a more significant role in a rather wide range than that suggested in theory. The confliction between theory and observations should be resolved.
In this paper, we found that when Z > 0.02, the carbon abundance before SN Ia explosion is affected by not only initial WD mass but also metallicity. For a given initial WD mass, the higher the metallicity, the lower the carbon abundance. The relation between the carbon abundance, the initial WD mass and the metallicity may be represented by a simple linear relation. Thus, when one simulates the SN Ia explosion, the carbon abundance (the C/O ratio) and metallicity would not be taken as free parameters. Their effect on the amount of 56 Ni is enhanced by each other since the effect of a high metallicity and a low carbon abundance on the amount of 56 Ni is similar, i.e. producing a lower amount of 56 Ni (Nomoto et al. , 2003 Timmes et al. 2003) . So, our result may account for the variation of the maximum luminosity of SNe Ia, at least qualitatively providing a method to conquer the confliction stated above. However, please keep in mind that whether or not the combined action of the C/O ratio and metallicity has enough ability to interpret the variation of the maximum luminosity of SNe Ia still should be verified carefully. So, we encourage someone to do a detailed numerical simulation on this problem based on the result here.
Furthermore, the central density at the moment of supernova explosion may also play a role to some extent (Höflich et al. 2010; Krueger et al 2010) , and the carbon abundance, metallicity and the central density all contribute to the variation of the maximum luminosity of SNe Ia (Röpke et al. 2006b ). By a simple assumption that the carbon abundance is the function of initial WD mass and the central density is determined by initial WD mass and its cooling time, Meng et al. (2010) noticed that the WDs with a high carbon abundance usually have a lower central density at ignition, while those having the highest central density at ignition generally have a lower carbon abundance. Interestingly, the effect of a high metallicity, a low C/O ratio and a high central density on the amount of 56 Ni is similar, i.e. producing a less amount of 56 Ni and thus a dimmer event (Nomoto et al. , 2003 Timmes et al. 2003; Krueger et al 2010) , then all of them could contribute the fact that elliptical galaxies favor the dim SNe Ia (Hamuy 1996) . Although it is still unclear how the metallicity affects the central density, we may hypothesize optimistically that it is unreasonable that take the carbon 5 Even 2003fg-like SNe Ia which are over-luminous events favor metal-poor environments (Taubenberger et al. 2010) , but the discussion about these SNe Ia is beyond the scope of this paper since these SNe Ia are over Chandrasekhar mass limit (Howell et al. 2006 ) and this paper is based on the Chandrasekhar mass model. abundance, metallicity and the central density as free parameters when one simulates SN Ia explosion, and these parameters may all contribute the production of 56 Ni (Röpke et al. 2006b ), which could be a key to open the origin of the Phillips relation. Moreover, these parameters can be determined by the initial parameters of a progenitor system, i.e. the WD mass, metallicity, orbital period and secondary mass. For example, the C/O ratio is a function of the initial WD mass and metallicity, while the central density of a WD before supernova explosion is determined by accretion rate and its cooling time before the onset of mass transfer, which is related with the initial WD mass, secondary mass and period. Then our study might provide a bridge linking the progenitor model and explosion model of SNe Ia. 
